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A BROAD RANGE OF EVIDENCE demonstrates the involvement of both the thalamus and the cortex in nociceptive processing (Apkarian et al. 2005; Lenz et al. 2010; Peyron et al. 2000) . Our laboratory's recent studies have demonstrated that activity related to a painful cutaneous laser stimulus shows synchrony between modules, including the primary somatic sensory cortex (S1), the parasylvian cortex (PS), and the medial frontal cortex (MF) (Ohara et al. 2006 ). This synchrony may indicate the presence of cortical functional connectivity, which is dependent upon attention to vs. distraction from the painful laser. These studies demonstrate that pain networks are dynamic and task specific and may switch rapidly between different tasks.
Thalamic structures are likely modules in pain networks based upon their involvement in densely interconnected thalamocortical assemblies (Destexhe and Sejnowski 2001; Steriade et al. 1997) . Cortico-cortical synchrony and directed functional interactions may be related to thalamic modules by mechanisms, including the following: afferent volleys traversing the thalamus, intrinsic thalamic oscillations, and divergent pathways from the thalamus to the cortex (Apkarian and Shi 1994; Burton 1975 Burton , 1984 .
Previous studies have examined local field potentials (LFPs) in thalamic nuclei, including ventral caudal (Vc), ventral intermediate (Vim), central median, and the reticular nucleus, as mapped in Fig. 1 . These studies were focused on the theta to alpha bands (see first section of METHODS) in patients with Parkinson's disease, epilepsy, tremor, and chronic pain (Kane et al. 2009 Kempf et al. 2009 Marsden et al. 2000; Sarnthein et al. 2003) ; gamma-band activity was reported in one study (Marsden et al. 2000) .
Another study found peaks of thalamic LFP power and thalamic LFP ϫ EEG coherence in patients with chronic severe neurogenic pain (Sarnthein and Jeanmonod 2008) . As reviewed above, human thalamic gamma-band activity has rarely been studied. To our knowledge, there has been no study of the effect of experimental painful somatic stimuli upon thalamic oscillations overall, or upon high-gamma-band oscillations specifically.
Gamma activity and synchrony (Engel and Singer 2001; Tallon-Baudry et al. 1996) induced by painful stimulation would be of interest because they may bind activity representing the different dimensions of pain into a unified sensation (Melloni et al. 2007; Singer 2011) . Cross-frequency coupling of low-frequency and gamma activity may multiplex signals representing the different dimensions of pain (Canolty and Knight 2010; Lisman and Jensen 2013) . Finally, gamma-band synchrony may be related to local functional interactions more than to long distance functional interactions (Ermentrout and Kopell 1998; Kopell et al. 2000) .
We now address the hypothesis that, during a series of painful cutaneous laser stimuli, thalamic signals will show stimulus-related gamma-band spectral activity, which is modulated by attention to vs. distraction from the painful stimulus. We have studied the effect of a painful cutaneous laser upon thalamic LFPs and EEG activity, which were recorded during awake thalamic procedures (deep brain stimulation electrode implants) for the treatment of essential tremor (Kobayashi et al. 2009a) . The results show event-related thalamic LFP activation across frequencies extending into the high gamma band.
METHODS
These studies were carried out in six subjects (7 thalami) at the Johns Hopkins Hospital (2013-2014) during the physiological exploration of the thalamus for the deep brain stimulation surgery for the treatment of essential tremor. A neurologist specializing in movement disorders confirmed the diagnosis of essential tremor. The protocol for these studies was reviewed and approved annually by the Institutional Review Board of the Johns Hopkins University. All patients signed an informed consent for these studies.
We used the following classification of frequency bands of oscillatory activities: theta (4 -8 Hz), alpha (8 -13 Hz), beta (13-30 Hz), low gamma (30 -50 Hz) and high gamma . For the purposes of this analysis, theta and alpha bands were analyzed together in the case of coherence because peak coherences were often found at the border between theta and alpha bands.
Intraoperative procedures. The intraoperative procedures used here are similar to those which have been described previously (Kobayashi et al. 2009a) . Briefly, the thalamic exploration was performed as a stereotactic procedure using the Leksell frame (Elekta Instruments, Stockholm, Sweden). The frame coordinates of the anterior and posterior commissures (Fig. 1) were determined by magnetic resonance imaging (MRI), which was imported into stereotactic planning software (Framelink, Medtronic, Minneapolis, MN) .
The coordinates for target nuclei were estimated with microelectrode recordings referenced to a guide tube located 2 cm dorsal to the microelectrode (Kim et al. 2009 ). The microelectrode was advanced through a burr hole 2.5 cm off the midline anterior to the coronal suture. The initial trajectories were focused on Vc to use the response of neurons in this area to somatosensory stimulation as indicators of the borders of Vim (Kim et al. 2009 ). LFPs were recorded from a 1-mm cylindrical contact located along the cannula for the microelectrode at 3 mm above the tip of the microelectrode (Neuroprobe, Alpha Omega). Simultaneous EEG monitoring was applied at Cz (10 -20 system) with disposable gold cup electrodes (Grass) referenced to bilateral ear lobe electrodes (Jasper 1958) .
During the laser studies, subjects were in a supine position without movement or tremor, as confirmed by EMG recording, but with their eyes open, carrying out the tasks described below. Cutaneous heat stimulation was delivered by thulium YAG laser (duration 1 ms, beam diameter 0.6 cm, Neurotest, Wavelight, Starnberg, Germany). Prior to the experiment, a series of laser pulses were delivered (400 to 900 mJ) to each subject to select the laser energy level producing pain of around 5 out of 10 on the visual analog scale of pain intensity. After we decided on a location of interest within the thalamus, the laser was applied on the dorsum of the hand on the side contralateral to the recordings. The laser beam was moved at random to a slightly different position for each stimulus to avoid fatigue or sensitization of the nociceptors.
The mean selected energy level used for the experiment was 811 mJ. During the laser stimulation, the subject was asked to do one of the following tasks: 1) count laser task: the subject counted the painful laser stimuli; or 2) count back plus laser task: the subject counted back serially from 100 by 7's. The interstimulus interval was about 4 s, and 40 stimuli were delivered in each block; the protocol was composed of two blocks for each of the two tasks. Each task was presented in each subject for paired comparison. The order of the blocks of different tasks was randomized by patient and counterbalanced across the population.
Data collection. All signals were recorded digitally (MicroGuide, Alpha Omega) and stored to a personal computer for off-line analysis. The setting parameters of LFP and EEG signals were as follows: gain ϫ 10,000 band-pass filter 1.5-250 Hz, sampling rate 1,500 Hz. Each signal was imported into MATLAB 7.1 (The MathWorks, Natick, MA) and down sampled to a common 500 Hz for further analysis. LFPs and EEGs were band-pass filtered at 1-100 Hz and notch filtered at 58 -62 Hz before analysis. Recordings with artifact were excluded from analysis e.g., cautery. Laser evoked potentials (LEPs) were calculated for LFP signals as previously described for intracranial recordings (Lenz et al. 1998a) .
Power spectral density analysis. Power spectral density (PSD) describes the power distribution of the signal over frequency (Oppenheim and Schafer 1975) . The spectral power of continuous signals was calculated and plotted using the spectopo function in EEGLAB toolbox (Delorme and Makeig 2004) , which utilizes the pwelch function from MATLAB Signal Processing Toolbox (MATLAB R 2011b, The MathWorks). We adopted a classification of oscillatory activities by frequency bands as listed in the first section of the METHODS. The frequency ranges below 3 Hz and between 50 and 70 Hz were not used for statistical analysis to avoid possible artifacts. The PSD value was log transformed and plotted as in Fig. 2 . For statistical analysis, the sum of the PSD values in each frequency band between delta and gamma were calculated and compared pairwise between the two tasks.
Event-related spectral power analysis. The event-related spectral power (ERSP) was used to compare the event-related non-phaselocked responses after painful laser stimulation vs. before in the two different tasks. This technique measured event-related changes in the power spectrum across different frequency bands in the poststimulus period and was performed partly by using the newtimef.m function of EEGLAB (Delorme and Makeig 2004) . This function utilized the windowed fast Fourier transform (FFT) on data epochs that were extracted from every trial with a fixed interval of 1.024 s before and 1.024 s after the laser stimulus.
The minimum and maximum frequencies for the FFT time-frequency analysis were set from 2 Hz to 150 Hz, which covered the theta through high-gamma bands in LFPs. The width of the FFT window was 256 ms, and the analysis was done by sliding this FFT window across the entire epoch. The resulting time-frequency estimates were set to have 150 linear-spaced frequency bins ranging from ϳ2 Hz to ϳ150 Hz, and 400-ms time bins. In this study, the values of ERSP represented a ratio of pre-and post-to mean prestimulus frequency power. The prestimulus frequency power was computed by averaging the spectral estimates from Ϫ0.2 s to 0 s. As a result, if the ERSP was larger than 1, it was considered as event-related synchronization (ERS); if smaller than 1, it was considered as event-related desynchronization. For each window of interest, the Wilcoxon signedrank test was applied to test whether the ERSP was significantly different between tasks (see RESULTS) .
Coherence analysis. Coherence analyses were used to estimate synchrony between signals recorded from the scalp EEG (midline Cz channel) and the thalamic LFP. The magnitude of the coherence function provides estimates of the strength of coupling between two signals x(t) and y(t) (Halliday et al. 1995) , defined as a normalized cross-spectrum
where Pxy denotes a cross-spectrum, and Pxx and Pyy refer to auto-spectra. The magnitude of coherence ranges between 0 (independence) and 1 (complete linear relationship). To test whether the coherence was nonzero, the assumption of independence was used to estimate the upper 95% of confidence limit (Amjad et al. 1997; Halliday et al. 1995) . To evaluate the changes of coherence after laser stimulation, we evaluated the time-dependent changes of coherence. The above computations were performed using the sp2a2_m1 function of the Neurospec 2.0 toolbox (www.neurospec.org) implemented in MAT-LAB (Halliday et al. 1995; Amjad et al. 1997 ). This function computed the coherence values and estimated the upper 95% confidence limit using all data epochs that were extracted from every trial with a fixed interval of 0.5 s before and 1.5 s after the onset of the laser stimuli. The procedure for estimating the upper 95% confidence limit involved two steps. First, the overall standard deviation of the coherence values was computed, and, second, under the assumption of asymptotic normality, the upper 95% the upper confidence limit was obtained by 1.96 multiplied times the obtained overall standard deviation plus the overall mean coherence value. After the raw data were down-sampled to 300 Hz and high-pass filtered at 1 Hz, both the EEG and LFP were normalized, and the coherence between signals was calculated in 233-ms windows with a sliding step of 17 ms. We used 256 data points to perform the Fourier transformation and to calculate the coherence; the final frequency resolution of coherence was 1.17 Hz. Individual coherence was averaged across all trials, and the upper 95% confidence limit for the coherence estimate was calculated. These coherence estimates were averaged across subjects and plotted for each task.
Cross-frequency coupling. Many studies have suggested that the cross-frequency couplings between oscillators in LFP reflect specific brain functions. For example, the coupling between oscillators of low-frequency theta-alpha and high-frequency gamma (Ͼ30 Hz) have been extensively studied in relation to a wide range of cognitive behaviors and tasks (Canolty and Knight 2010; Kahana et al. 1999; Louie and Wilson 2001) .
In the present study, coupling between low and high frequencies was examined by computing a measure called the modulation index (MI) (Canolty et al. 2006) . In brief, the raw LFP signal was first band-pass filtered into low and high frequencies of interest using a two-way least squares error minimization finite impulse response filter (eegfilt.m from the EEGLAB toolbox) (Delorme and Makeig 2004) . The order for this filter equals the closest integer to three times the ratio between sampling rate and low-cutoff frequency (Canolty et al. 2006; Tort et al. 2009 ). A Hilbert transform was then applied in the second step to obtain the complex-valued analytic signal. The power and the phase series of the filtered signals were then extracted from the analytic signal for both low and high frequency of interest. Next, the low-frequency phase series was divided into 18 equally spaced intervals within the (Ϫ, ) radian interval, where radians corresponds to the troughs, while 0 radians corresponds to the peaks in the phase series. For each of these divided phase intervals, the corresponding high-frequency power amplitude was computed by summing the amplitude estimates, which had their phase values falling inside the corresponding phase interval.
Assuming no coupling between the low-frequency phase and the high-frequency power, a uniform power is expected in all 18 phase intervals. On the other hand, if a coupling relationship indeed existed, then a nonuniform distributed power is expected. Therefore, the MI value was intended to quantify how far the power distribution of these 18 phase intervals deviated from the uniform distribution. It should be clear that a MI value of 0 indicates low phase amplitude modulation, and a large MI value suggests the opposite (Tort et al. 2008) .
To assess the statistical significance of the MI values for each subject, the MI values of the poststimulus interval were normalized (or z-transformed) by subtracting the mean and dividing by the standard deviation of the MI values using all trials during the prestimulus interval (Tort et al. 2008 ). This normalization was used to establish a statistical comparison between stimulus-relevant and stimulus-irrelevant brain oscillatory activities in this study. A significance threshold was set corresponding to P Ͻ 0.01.
RESULTS
Simultaneous thalamic LFP and EEG recordings were performed in seven thalami (left recordings 3, right 4) from six subjects with essential tremor and normal somatosensory examinations (Lenz et al. 1993) . Subject S5 was operated on Recordings were performed while the subject carried out the count laser task (top left), or count back task plus laser task (bottom left). Right: plots of power spectral density (PSD) of EEG and LFP during both tasks in the same subject. Results of both tasks were plotted on the same panels for comparison. EEG shows prominent theta power in both tasks. LFP shows prominent theta and beta power in both tasks, although less during the count back plus laser task.
the second side 4 mo after the first. The LFP recording electrode was located 3 mm above from the tip of the microelectrode. The actual recording region of LFP was estimated from the physiological mapping of neuronal receptive fields, as previously described (Kobayashi et al. 2009a) . Neurons closest to the radiological estimates of the nuclear boundaries all had receptive fields in the upper extremity. The estimated nuclear location of the recording sites is shown in Fig. 1 . LEPs. Figure 3 shows the negative results of laser stimulus triggered averaging for LEPs from recordings of LFPs within the lateral nuclear group. The absence of LEP responses in these LFP recordings is consistent with the nonlaminar structure of the thalamic nuclei (Andersen et al. 1964; Baumgartner et al. 2011) .
PSD analysis. PSD of both EEG and LFP during each task was calculated for each subject, as shown in Fig. 2 for subject S6. In individual subjects, we observed two prominent peaks in low-frequency bands at theta to beta in thalamic LFP recordings. There was a difference in the power of frequency between tasks in individual recordings (Fig. 2) . The mean PSD of the LFP signal showed two peaks in the low-frequency range in both tasks, which were located in the theta-alpha and beta bands.
The PSD results of EEG recordings were similar to those of LFP in each individual, but less power was found in the beta range. When we compared the PSD across both tasks in each frequency band, the result did not show significant differences in either the LFP and EEG recordings (Wilcoxon signedranked test, P Ͼ 0.05).
Nonphase-locked induced responses. Time frequency plots relative to the laser stimulation were constructed for the count laser task and the count back plus laser task (Fig. 4, middle and  bottom) . The grand average of laser stimuli for both tasks showed prominent ERS of the low-and high-gamma bands (Fig. 4, top) . The average ERSP plot of each different task showed a different pattern of ERS. The count back plus laser task showed ERS in low gamma (windows 1-3) but relatively more ERS in later high gamma (windows 4 and 5) than that in the count laser task. In addition, there was a beta ERS (no window assigned) in the count laser task but not the count back plus laser task.
Gamma bands were tested statistically in each of the five time-frequency windows (Table 1) . We carried out paired comparisons of the median value of ERSP in each window by task with a Wilcoxon signed-rank test and Bonferroni correction. The results showed that there was no statistical difference between the count laser task vs. the count back plus laser task in the low-gamma region (windows 1-3), which suggests that low-gamma activity is commonly induced after the laser stimulation in both tasks (Table 1) .
The high-gamma windows (windows 4 and 5) showed significant differences between the two tasks, as indicated in Fig.  4 by the asterisk for the window and task with the higher ERSP. Specifically, the count laser task showed more ERS in the 300-to 400-ms period (window 4; P ϭ 0.0313), as indicated by the asterisk in the middle panel. On the contrary, the count back plus laser task showed more ERS in the 500-to 600-ms period (window 5; P ϭ 0.0313), as indicated by the asterisk in the bottom panel. High-gamma ERSP was found over window 4 during the count laser task in six of seven thalami and over window 5 for five of seven thalami during count back plus laser task. Window 4 has significant differences between the two tasks and is in the range of LEPs latencies, as measured by intracranial recordings (Lenz et al. 1998a ). We next compared results of the analyses of thalamic LFP with those of EEG. Table 1 . Middle: count laser task shows sustained ERS in gamma and beta band with early ERS in lower frequency bands. Bottom: count back plus laser task shows later low-gamma ERS without beta ERS. The color scale is the time frequency spectral power (pre-and poststimulus) divided by the mean prestimulus spectral power.
The thalamic LFP data can be compared with EEG data for the PSD (see above and Fig. 2 ) and the ERSP. The PSD of both thalamic LFP and EEG showed a consistent pattern of overall peaks in theta-alpha and beta ranges. The overall EEG (Cz) ERSP is shown in Fig. 5 . This plot shows a component of low and high gamma, which does not overlap with the windows of thalamic LFP ERSP (Fig. 4, top) , and which has a different pattern of ERSP than thalamic LFP.
Thalamocortical coherence. We next calculated coherence between the thalamic LFP and the EEG signals (Cz contact). First, the coherence during the whole period of a task was evaluated. We observed two peaks of significantly increased coherence in the theta-alpha and beta bands (Fig. 6A, subject  S4 ). The number of time frequency peaks, mean peak and mean coherence value were counted and calculated in each task ( Table 2 ). The mean coherence value in the low-frequency region (theta-alpha and beta) was not significantly different during the count back plus laser task than during the count laser task (P Ͼ 0.05, Mann-Whitney test) ( Table 2 ). The mean coherence value of the low gamma was significantly less in the count laser task (P ϭ 0.041, Mann-Whitney test), although each value was small (Table 2) .
Because these results represent overall coherence between the thalamus and midline EEG (Cz), we used a time-dependent coherence plot to measure changes of coherence after the laser stimulation in each task. Time-dependent changes of coherence were calculated across all trials and averaged within each task. The data epochs between 500 ms before and 1,500 ms after the laser stimulus were extracted for the analysis (Fig. 6A) . The time-resulting averages were further averaged across subjects to make a grand average plot in each task (Fig. 6B) .
The values of the coherence were averaged across subjects and color coded so that hot colors have high coherence in Fig.  6B . These plots showed greater coherence around and below 10 Hz and around 20 Hz in both tasks (Fig. 6B) . High coherence values were not prominent within low-or highgamma bands for either task. Low-frequency coherence was stronger after the stimulus (indicated by asterisk in Fig. 6B , left) than before the stimulus in the count laser task, but weaker after the stimulus (indicated by double asterisk in Fig. 6B , right) than before the stimulus in the count back plus laser task. The coherence magnitude was stronger in the latter task. The decrease of low-frequency coherence during the count back plus laser task recovered to baseline about 1 s after the stimuli. The high levels of prestimulus coherence can be attributed to the effect of the task, which influences both pre-and poststimulus activity (Liu et al. 2011c; Ohara et al. 2006) .
Cross-frequency coupling in the thalamus. These results showed strong low-frequency (theta to beta) thalamic PSD (Fig. 3) , prominent thalamic high-frequency ERS (gamma) power (Fig. 4) , and thalamocortical coherence in the beta frequency band (Fig. 6) . These results suggest the possibility of a relationship between the thalamic low-and high-frequency bands. Therefore, we studied the phase-amplitude coupling between these bands in the LFPs recorded in the thalamus during both tasks. Figure 7A showed that the gamma (70 -90 Hz) band power was modulated by the phase of the beta (13-30 Hz) band. The averaged low-frequency signal was indicated by a solid black waveform line and plotted on the top of the time-frequency map for the high-frequency signals (see Fig. 7A ). Comodulograms averaged across all subjects were plotted separately for the count laser task and count back plus laser task in Fig. 7B  (top and bottom, respectively) . The strength of the statistically significant MIs was color coded, where significance is indicated by colors hotter than blue in Fig. 7B . These plots showed less coupling activities between the 2-and 15-Hz LFP phase and the 40-and 100-Hz LFP power in both tasks. On the other hand, the strong beta-gamma (beta: ϳ15-30 Hz, gamma: 45-90 Hz) coupling was observed only in the count laser task (Fig. 7B, top) , and less prominent during the count back plus laser task. Our coupling analysis indicated that the amplitude of the high-frequency band is modulated by the phase of the low-frequency band.
DISCUSSION
We now address the hypothesis that, during a series of painful cutaneous laser stimuli, thalamic signals will show stimulus-related gamma-band spectral activity, which is modulated by attention to vs. distraction from the painful stimulus. Both distraction from (count back plus laser task) and attention to the painful laser stimuli (count laser task) show gamma-band activation (Fig. 4) . Significantly greater high-gamma activation was found during the count laser task for window 4, while greater high-gamma activation was found during the count back plus laser task for window 5 (Fig. 4) . Significance of the difference between tasks for each window are indicated in the bottom row. Gamma-frequency activity has been recorded previously in the human thalamus (Kempf et al. 2009 ). That report described a narrow band (70 -80 Hz) signal, which was recorded in the central median and VIM nuclei of patients with tremor, dystonia and epilepsy. These high-gamma signals were related to rapid eye movement sleep states, treated Parkinson's disease, and startle reactions. The signals recorded in Vim were coherent with those recorded in internal globus pallidus in a narrow band (70 -80 Hz), but coherence of Vim with EEG signals was not studied.
High coherence of beta activity is evidence of synchronous thalamic and EEG activities, which may indicate functional interaction between thalamic activity and EEG activity. In particular, synchrony between cortical structures during attention to vs. distraction from the laser stimulus has also been demonstrated (Ohara et al. 2006 ). Synchrony and gamma-band activity (Engel and Singer 2001; Tallon-Baudry et al. 1996) may bind activity in different sensory modalities together and so produce an integrated sensation (Canolty and Knight 2010; Lisman and Jensen 2013). In the case of pain sensations, synchrony and gamma EEG activity induced by painful stimuli may bind together different dimensions of pain into an integrated sensation (Gross et al. 2007; Hauck et al. 2007; Zhang et al. 2012) . Binding might occur as a result of the gammaband oscillations themselves or as a result of nonspecific psychological phenomena related to gamma-band oscillations, e.g., attention (Fig. 4 and below) .
Cross-frequency coupling may be another mechanism of interaction between different dimensions of pain. In the thalamus, we found that the phase of the low-frequency activity (theta to beta) modulated the amplitude of the higher frequency activity (low to high gamma) more strongly during the count laser task than during the count back plus laser task (Fig. 7B) . This modulation may be a mechanism for the multiplexing of signals representing different components of a sensation (Canolty and Knight 2010; Lisman and Jensen 2013), such as different dimensions of pain, e.g., intensity, unpleasantness, cognitive, etc.
The different roles for gamma and beta bands have been suggested. The beta band is more related to long distance synchrony, and the gamma band is more related to local synchrony (Ermentrout and Kopell 1998; Kopell et al. 2000) . Therefore, the high-gamma activity observed in the thalamus may be related to local synchrony, and beta activity may be LFP from the thalamus and EEG from Cz showed significant increase of coherence in the theta-alpha and the beta bands with peak frequencies of 9.4 Hz and 21.1 Hz. The horizontal dashed gray line in the coherence estimate is the upper 95% confidence limit based on the assumption of independence. B: time-and frequency-dependent changes of coherence during peristimulus period. In the count laser task, beta and theta thalamic cortical coherence was increased after the stimulation. In the count back and laser task, beta coherence was decreased after the stimulus. The color scale indicates the magnitude of the coherence, where blue is the lower coherence. related to thalamocortical connectivity, which is consistent with our analysis of coherence (Fig. 6) . The beta band has the highest thalamic LFP ϫ EEG coherence (Fig. 6) , which is consistent with the potential involvement of beta-band activity in attentional processing (Buschman and Miller 2009) and in long-range communication between the thalamus and the cortex during attentional tasks (Engel and Fries 2010) .
Mechanisms of synchrony between thalamus and cortex. Synchrony between the thalamus and cortex may be related to the corticothalamic or thalamocortical connections. Corticothalamic fibers arise from layer 6 that terminate in the associated relay nucleus, such as S1 to Vc, while those arising from layer V are dispersed across several nuclei (Rausell et al. 1992a; Jones 2002) . In turn, thalamocortical fibers from parvalbumen staining zones project to somatopically parcellated and layerspecific cortical zones, such as Vc to S1. In calbinden staining zones, adjacent neurons and divergent fibers can project to more than one cortical area, such as the nuclei located posterior to Vc which project to S1 and to cortical areas in and around PS (Rausell and Jones 1991; Rausell et al. 1992a ). The present results may have been recorded from calbinden compartments of thalamic nuclei, which may be involved in mechanisms of acute and chronic pain (Rausell et al. 1992a (Rausell et al. , 1992b .
Direct physiological evidence of thalamocortical interactions has been found in reports of synchrony between feline thalamic neurons and lamina IV cortical neurons in response to innocuous cutaneous stimuli (Johnson and Alloway 1996) . The synchrony between the thalamus and the cortex is greater during stimulus-evoked activity than during spontaneous activity (Alloway et al. 1995) and during synchronous firing between thalamic neurons (Roy and Alloway 2001) . This firing was not found to be oscillatory either before or after the stimulus (Johnson and Alloway 1996) .
Synchronous thalamocortical neuronal oscillatory activity may also be induced by somatic stimuli. These induced oscillatory activities have been described for thalamic beta-and gamma-band activity in the feline thalamus during behavioral activation, such as wakefulness or rapid eye movement sleep (Amzica et al. 1997; Steriade et al. 1996) . Synchronized thalamic and cortical activity is also related to intrathalamic or thalamocortical connections and networks (Steriade et al. 1997) . These mechanisms may explain the induced activity in the human thalamus and EEG activity during health and disease, such as chronic pain.
Patients with chronic pain show changes in ongoing thalamic activity (Sarnthein and Jeanmonod 2008) . Specifically, the hypothesis of thalamocortical dysrhythmia has been proposed as the mechanism of a wide range of neurological and psychiatric diseases, including chronic pain (Llinas et al. 1999) . Thalamocortical dysrhythmia is characterized by thalamic LFP with increased theta-band power, and by thalamic neurons with increased postinhibitory bursting. This hypothesis also suggests that beta-to gamma-band activity is found at the boundary (or edge) of the region where activity is characterized by low-frequency power.
Methodological considerations. The terms "gamma band (Ͼ30 Hz)" or "40 Hz" have often been used to describe synchronous neuronal signals. However, the actual frequency ranges showing synchronization between neurons in different structures are variable and are mostly in the range of 20 -60 Hz, which includes the activity below the gamma band (Engel Classen et al. 1998; Mima et al. 2001; von Stein et al. 1999) , subdural electrodes (Ohara et al. 2001 (Ohara et al. , 2004 , and depth electrodes (Liu et al. 2011a; Tallon-Baudry et al. 2001) . Therefore, synchronous oscillations are not necessarily limited to the gamma band or to particular cortical structures, especially in the case of large-scale synchrony. The present studies are carried out in patients with essential tremor, which is often considered to be a monosymptomatic disorder with postural or kinetic tremor or both as the only symptoms (Elble 2006). Essential tremor leads to thalamic neuronal activity at the frequency of tremor in the theta range (Hua and Lenz 2005; Zakaria et al. 2013 ). To examine spontaneous activity in the absence of tremor, we have carried out all recordings in this study with the arm at rest, as confirmed by EMG analysis. This approach excludes tremor-related activity from the present analysis.
The present recordings were usually carried out in thalamic nuclei other than those primarily associated with somatic sensation e.g., Vc (Fig. 1) . Neuronal pain-related activity is commonly found in functional imaging analysis or in single neuron analysis of thalamic and cortical structures, which do not primarily subserve somatic sensation (Apkarian et al. 2005; Lenz et al. 2010; Peyron et al. 2000) . Therefore, it is not surprising that the thalamic LFP recording sites with painrelated oscillatory activity are not limited to primary somatic sensory nuclei, such as Vc (Fig. 1) .
There are a number of controls that would be useful in the interpretation of the present results, such as the thalamic responses to ipsilateral or nonpainful somatic stimulation. However, the time constraints of these intraoperative controls obviate their being studied. Despite these constraints, the present study provides an important initial step in the study of pain-related gamma thalamic oscillations.
The presence of an evoked component in the ERSP can be detected by subtraction of the ERP from every epoch, which diminishes the phase-locked components of the ERSP (Bastiaansen and Hagoort 2003; Tallon-Baudry and Bertrand 1999) . The difference between the ERSP with subtraction vs. without subtraction has been observed to be much smaller than the ongoing signal (Makeig 1993) . We have been unable to record thalamic LEPs now (Fig. 3) or in the past (Kobayashi et al. 2009b) , which is consistent with a prior report by another group (Valeriani et al. 2009 ). Therefore, we were unable to calculate non-phase-locked ERSP (with subtraction). However, we have reported laser peristimulus time histograms of thalamic single neuron activity (Kobayashi et al. 2009b ) with peak latencies comparable with those of intracranial LEPs (Lenz et al. 1998a; 1998b) . On this basis, we assume that the ERSP includes a component of evoked as well as induced activity.
Cognitive modulation of ongoing thalamic activity. Our laboratory has previously examined poststimulus intervals while the subject attended to (count laser stimuli), or was distracted from, the painful laser stimulus by reading a story for comprehension (Ohara et al. 2006) . The attention task was associated with more pairs of electrodes showing synchronous activity. Increased poststimulus vs. prestimulus synchrony was observed between MF and PS and between MF and S1 with attention (Ohara et al. 2006) .
Directed functional interactions between these cortical areas may be due to interactions between the cortical areas (Liu et al. 2011b (Liu et al. , 2011c or due to interactions between cortical areas through unobserved modules, such as the thalamus. This latter suggestion is consistent with the present evidence of significant thalamocortical coherence during the laserevoked pain (Fig. 6) .
The interaction of cognition and laser evoked pain may be modeled by the activity of a "task-positive network," which is increased both by the cognitive task and by pain. Therefore, the attentional resources may be assigned either to the cognitive task or to pain (Seminowicz and Davis 2007) , which is consistent with the model that the two compete for attentional resources (Eccleston and Crombez 1999) . Shifts in attentionrelated resources between the cognitive task and pain may result from changes in thalamic activity, or cortical activity, or their interaction (Kim et al. 2009; Kobayashi et al. 2009b ). The present evidence of synchrony between the thalamus and the cortex raises the possibility of interactions related to common input from the thalamus to different cortical areas.
